When the unicellular green alga Chlamydomonas reinhardtii is placed under low CO2 conditions it adapts by making an inorganic carbon accumulating mechanism. Algal cells were labeled with 35QS4-2 during this adaptation period and labeled proteins specific for this low CO2 adaptation were identified. Four major proteins were preferentially synthesized under low CO2 conditions and had Mr of 46, 44, 37, and 20 kilodaltons. The 37 kilodalton protein is most likely the periplasmic carbonic anhydrase previously identified as being part of the inorganic carbon accumulation mechanism of C. reinhardtii. The other three proteins have not been identified. The 46 and the 44 kilodalton proteins were not synthesized by a mutant algal strain, pmp-1, which cannot grow at low CO2 concentrations. This strain does make the 37 and 20 kilodalton proteins, however. These data suggest that at least two or three proteins in addition to the periplasmic carbonic anhydrase are part of the inorganic carbon accumulation mechanism in C. reinhardtii.
The unicellular green alga Chlamydomonas reinhardtii can grow photoautotrophically even when the external CO2 concentration is very low (2) . This ability to grow with low C02, lower than higher plants that use the C3 pathway can tolerate, has been seen with a large number of algae across a wide phylogenic range (1, 5). Berry et al. (4) postulated that C. reinhardtii has the ability to accumulate inorganic carbon (C,2) internally to much higher levels than could be obtained by diffusion. Uptake studies using gas exchange (26) or 14C02 and H'4CO3- (2, 16, 17, 24, 25) have supported this hypothesis. The details of this Ci accumulation system are not well understood, however.
One component of the Ci accumulation mechanism of C. reinhardtii that has been identified is a carbonic anhydrase located in the periplasmic space (6, 27, 30, 31) . This carbonic anhydrase is an oligomeric glycoprotein having a monomer Mr of 37 kD and is preferentially synthesized when C. reinhardtii is grown photoautotrophically with low levels of CO2. When C. reinhardtii is placed under low CO2 conditions the periplasmic carbonic anhydrase activity increases (8, 27) and the amount of this protein increases (6, 8, 31 ). This increase in carbonic anhy- 2Abbreviations: Ci, inorganic carbon; Min, minimal media; Min-S, minimal media containing MgCl2 instead of MgSO4 and chloride salts substituted for sulfates in the trace elements; Rubisco, ribulose-1,5-bisphosphate carboxylase-oxygenase; low C02, air containing ambient (340 ppm) CO2 levels; high CO2, air supplemented with CO2 so that the final CO2 concentration is 5% (v/v).
drase is likely to be under transcriptional control, as the levels of the mRNA coding for this protein also increase under low C02 conditions (8) .
In this paper, we report on other proteins that are preferentially synthesized under low CO2 conditions. This was done by radioactively labeling cells during their adaptation to low CO2 and determining which proteins have increased synthesis. We present evidence that the proteins identified by this method may be part of the Ci accumulation mechanism of C. reinhardtii. Labeling of Cells with I'4CqArginine. The procedures used here were essentially the same as described for the 3"SO4-2 labeling except that the cells were resuspended in minimal media prior to the addition of ['4C]arginine (55 mCi/mmol) instead of 35SO4-2. The harvesting of the cells was the same as described in the last section.
MATERIALS AND METHODS
Other Methods. SDS polyacrylamide gel electrophoresis was performed as previously described (13) with a 12% (w/v) acrylamide concentration unless otherwise noted. Autoradiography was performed using Kodak X-OMAT film. Chl was determined spectrophotometrically. The amounts of radioactivity incorporated into the algal cells was determined by taking aliquots of the extracted cells in buffer and counting the sample using a Beckman LS 1801 liquid scintillation counter. 
RESULTS
Chlamydomonas reinhardtii, when grown photoautotrophically with elevated levels of CO2, has a low affinity for Ci and has low levels of carbonic anhydrase. However, when a high C02-grown culture is switched to low CO2 levels (air levels of C02) some ofthe alga's photosynthetic properties rapidly change. The cells' affinity for Ci increases and the levels of carbonic anhydrase dramatically increase (6, 8, 31 ). In addition, C. reinhardtii gains the ability to accumulate Ci to levels higher than can be obtained by diffusion (2, 16, 24) . This adaptation to low CO2 conditions is complete between 4 and 6 h after transferring the culture to air levels of CO2 (6).
If cultures are labeled with 3'SO4-2 during this adaptation to low C02, some proteins can be seen that are not labeled if the culture has remained growing at high CO2 levels. Figure 1 is an autoradiogram of proteins labeled between 1 and 4 h after switching a culture to low CO2 and of proteins labeled from a culture that had been left on high CO2. Four proteins appear to be specifically labeled when C. reinhardtii cultures are switched to low CO2. These proteins have apparent Mr of 46, 44, 37, and 20 kD (Fig. 1) . The most likely identity of the 37 kD protein is the periplasmic carbonic anhydrase. This protein has a monomer mol wt of 37 kD and has been previously shown to be labeled under air adapting conditions similar to those described here (6, 8, 31) . The identity of the other three proteins is unknown. In addition to these proteins whose synthesis appear to increase upon switching to low CO2 conditions, the synthesis of other proteins appears to decrease. The most notable of these proteins are the large and small subunits of rubisco with Mr of 53 and 14 kD. The decrease in the synthesis of the rubisco subunits upon transfer to low CO2 was previously seen by Coleman and Grossman (7) . Other (Fig. 3) . After 6 to 8 h the rates of synthesis of these three proteins remains at this lower level as long as the culture remains on lOW CO2 (Fig. 3, lane 7 ; Fig. 4 (Fig. 3) . The lOW CO2 requirement for the synthesis of these polypeptides was also seen when air-grown cultures were placed on high CO2. When a culture growing on air levels Of CO2 is switched back to high C02, the labeling of these proteins ceases. The labeling of the 46, 44, and 20 kD protein stops within 3 h while the labeling of the 37 kD decreases more slowly (Fig. 4) .
To get optimal labeling of newly made proteins, the C. (Fig. 6) . These results suggest that the inability of the pmp-J cells to accumulate Ci and adapt to low CO2 conditions may be due to their inability to synthesize the 46 and the 44 kD proteins, and that these proteins may be important to the functioning ofthe C1 accumulation mechanism.
DISCUSSION
Chlamydomonas reinhardtii, when grown with high levels of C02, exhibits many of the same photosynthetic gas exchange characteristics of C3 plants, including a low affinity for CO2 and high rates of photorespiration (2, 16, 20, 25, 26) . However, C. reinhardtii, like many other unicellular algae, can also adapt to low CO2 conditions (1, 5, 15). When grown with low levels of CO2 the same as those in ambient air, the alga exhibits a high affinity for CO2 and apparently low rates of photorespiration (20) . Researchers have hypothesized that this ability to efficiently use CO2 is due to the ability of these air adapted C. reinhardtii cells to accumulate Ci internally (2); however, the mechanism of this Ci accumulation is not clear.
Previously, the only protein identified with the Ci accumulation mechanism in C. reinhardtii was carbonic anhydrase. In the case of C. reinhardtii, a 37 kD carbonic anhydrase is made when cells are placed under low CO2 conditions (6, 8, 31 reinhardtii culture maintained on 5% CO2 was divided into two flasks containing low S (140 AM SO4-2) minimal media. One was maintained on high CO2 and one placed on air. These cultures were grown in the light on these gas regimes for 26 h prior to the experiment. At that time both cultures were harvested as described in "Materials and Methods" and both were split into two parts, one bubbled with air and the other bubbled with air supplemented with 5% CO2. These cultures were labeled with 35S 1 h after harvest and labeled for a 2 h period. Lane 1, 5% C02-grown culture maintained on 5% C02; lane 2, 5% C02-grown culture switched to air levels of C02; lane 3, air-grown culture maintained on air; lane 4, an air-grown culture switched on 5% CO2. The mol wt markers to the left of the figure are the same used in Figure 1. comes from the identification of mutants of C. reinhardtii that cannot grow on low levels of CO2 but can grow photoautotrophically with elevated CO2 concentrations (18, (24) (25) (26) . These mutants, of which pmp-1 is one example, (26) have aberrant C1 accumulation characteristics but make normal amounts of the external carbonic anhydrase. These mutants indicate that other proteins are necessary for a functional Ci accumulation mechanism.
The in vivo labeling data presented here further support the hypothesis that proteins other than the external carbonic anhydrase are involved in C. accumulation of C. reinhardtii. The proteins most strongly labeled under low CO2 growth conditions have apparent Mr of 46, 44, 37, and 20 kD. These polypeptides were also noted by Coleman and Grossman (7) when they placed C. reinhardtii on low CO2. These proteins are labeled specifically when CO2 conditions are low and 3"SO42 is added to the cells.
Low sulfur conditions can induce the synthesis of proteins not involved in carbon metabolism particularly those required for sulfur uptake in C. reinhardtii (9) , but it is unlikely that the four proteins seen under our growth conditions are related to sulfur (9) have identified a 72 kD periplasmic arylsulfatase that is synthesized by C. rein/hardtii under low sulfur conditions. The polypeptides we see do not correspond to proteins known to be preferentially synthesized by C. reinhardtii under low sulfur conditions (9 Fig. 1 versus Fig. 4) .
The protein having a Mr of 37 kD is likely to be the periplasmic carbonic anhydrase. This protein has already been shown to be preferentially synthesized when the CO2 concentration is low (6, 8) and has a monomer Mr of 37 kD. In addition, antibodies raised against the periplasmic carbonic anhydrase will immunoprecipitate a protein having the same Mr as the labeled band at 37 kD reported here (31).
The functions of the 46, 44, and 20 kD proteins are not known at present. The 44 kD polypeptide may be related to the periplasmic carbonic anhydrase since this carbonic anhydrase has been reported to be made as a precursor of either 42 (8) (25, 26) . Spalding et al. (25) speculated that the pmp-J mutant was defective in a Cs transport protein leading to the inability of this strain to accumulate C1. While we have no evidence that identifies the function ofthe 46 and 44 kD proteins, the fact that these two polypeptides are missing in the pmp-J mutant supports the contention that these proteins are involved in the Ci accumulation mechanism.
While a number of investigators agree that a C1 transport protein must be involved in some way in the accumulation mechanism (14, 19, 26) , the location of this transport protein and the CQ species transported is debated (14, 19) . Two possible locations for the transport protein include the plasma membrane (14) and the chloroplast envelope (3, 19) . In addition, both CO2 and a HCO3: may be the carbon species transported. In cyanobacteria, Kaplan (10) has proposed a carbonic anhydrase-like transport protein. We are presently determining if the labeled proteins reported here are membrane bound and, if so, to which membrane they are associated.
Finally, it is possible that some of these labeled proteins are carbonic anhydrase isozymes, or are at least similar to carbonic anhydrase. Besides the carbonic anhydrase-like transport protein proposed by Kaplan, other models propose a chloroplastidic carbonic anhydrase (15 19) and possibly one located in the cytoplasm (17) in addition to the one located in the periplasmic space. Kitayama et al. (12) recently identified some proteins that were weakly immunoreactive with antibodies made to spinach chloroplast carbonic anhydrase. Two of these polypeptides have Mr close to 45 kD. Further experiments will be done to see if this immunoreactive protein is the same as one of the labeled proteins reported here.
In summary, we conclude that at least two, and possibly three proteins, in addition to the periplasmic carbonic anhydrase are important for the C1 accumulation mechanism in C. reinhardtii. Since these labeling studies were done to crude cell homogenates it is very possible that additional proteins will be identified in the future. With the possible exception of the 20 kD protein which was somewhat variable in our hands, these are not particularly abundant proteins, but they are strongly labeled when C. reinhardtii cells are transferred to low CO2. In addition, two of these proteins are not made by the high-CO2-requiring mutant pmp-J, pointing to a possible physiological role for these proteins.
